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Spectroscopic ellipsometry together with an effective medium model is used to determine
simultaneously the effective refractive index, thickness, and metal volume fraction of thin
nanocomposite films. The films are formed by Bi nanocrystals embedded in amorphous matrices,
either semiconducting ~Ge! or dielectric (Al2O3). For the Bi:Ge films ~metal in an absorbing host!,
the values obtained for both the real and imaginary parts of the refractive index vary continuously
from that of Ge to that of Bi. The metal contents determined from the ellipsometry analysis are in
excellent agreement with those obtained from direct measurements of the composition. For the
Bi:Al2O3 films ~metal in a nonabsorbing host!, the extinction coefficient (k) exhibits a maximum
around 360 nm which is related to the metal plasmon resonance frequency of Bi nanocrystals. The
metal content determined from the ellipsometry analysis in this case is underestimated, probably due
to interaction of the Bi crystals with the Al2O3 host. © 1998 American Institute of Physics.
@S0021-8979~98!07619-1#I. INTRODUCTION
Composite films are new artificially engineered materials
with improved chemical, mechanical, magnetic, or optical
properties. Those formed by metallic nanocrystals embedded
in dielectric matrices have received much attention due to
their specific optical absorption ~colored filter glasses!, and
more recently due to the large enhancement of the intrinsic
electronic nonlinear susceptibility which makes them poten-
tial candidates for integrated all-optical devices.1,2 Although
the most studied metals have been Au, Cu, and Ag, an en-
hancement of the nonlinear optical properties has recently
been reported for oxide glasses containing heavy metals such
as Sb and Bi.3 Nevertheless, the broad application of these
kinds of compound systems requires the development of re-
liable techniques both to produce them as thin films and to
characterize their optical properties, composition, and struc-
ture.
Pulsed laser deposition ~PLD! has been reported as a
suitable technique to produce such nanocrystalline compos-
ites, however, to our knowledge, its use has been very lim-
ited and mainly restricted to produce semiconductor nanoc-
rystals by deposition in a gas environment.4,5 Recently, the
growth of thin films with metallic ~Cu! nanocrystals embed-
ded in Al2O3 host by PLD in vacuum has been demonstrated.
Moreover, these films exhibit a large third-order nonlinear
susceptibility (x (3)) value.6
The linear optical properties of metal composite thin
films have generally been studied by means of standard re-
a!Electronic mail: rserna@pinar1.csic.es4500021-8979/98/84(8)/4509/8/$15.00
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length range.7–9 Spectroscopic ellipsometry ~SE! is a tech-
nique that has unquestionable advantages when compared to
the usual reflectometry measurements. First, two parameters
instead of one are independently determined in any single-
measurement operation. Consequently, both real and imagi-
nary parts of the complex refractive index (n5n1ik) of an
homogeneous material can directly be obtained on a
wavelength-by-wavelength basis. Second, SE measurements
are relatively insensitive to intensity fluctuations of the
source, temperature drifts of electronic components, and
macroscopic roughness.10 Furthermore, the combination of
SE with an effective medium model has been proved to be a
successful means to estimate the stoichiometry of oxide thin
films such as SbOx and GeOx .11,12 In spite of these favorable
features together with its noninvasive character, the poten-
tials of SE to the analysis of nanocrystalline composite thin
films have not been explored so far.
In this article, we report the optical characterization by
SE of composite films with Bi nanocrystals in Ge ~Bi:Ge
films! and Al2O3 (Bi:Al2O3 films! hosts produced by PLD in
vacuum. The Bi and Ge form a eutectic system with low
mutual solubility, even in the liquid phase and no metastable
alloy has been found.13 The low mutual solubility of the
elements will ensure that all the deposited Bi will tend to
form pure isolated and unreacted Bi crystals protected
against atmospheric oxidation by the Ge matrix. The ellipso-
metric parameters are determined in a wide spectral range
and their simulation by means of an effective medium model
will allow us to estimate the metal content of the composite9 © 1998 American Institute of Physics
o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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those obtained in the Bi:Al2O3 system, in which the host is
an oxide which can interact with the metal, will allow us to
discuss not only the influence of possible interactions but
also the validity of the method to determine the metal con-
tent in composite films in which the matrix is absorbing ~Ge!
or nonabsorbing (Al2O3). The latter host has, in addition to
its wide transparency range, excellent thermal properties and
has been reported to be an excellent host to produce nano-
composite films with large third-order nonlinear
susceptibility.6
II. EXPERIMENT
PLD was carried out by focusing an ArF laser ~12 ns,
193 nm! at 5 Hz onto the rotating targets, at an incidence
angle of 45°, and with an energy density of 2 J/cm2. The
experiments were carried out in vacuum at a base pressure of
731027 Torr. The substrate-target distance was 32 mm. For
the growth of the Bi:Ge and Bi:Al2O3 films, pure Bi and
either Ge or Al2O3 targets were mounted on a computer con-
trolled multiple holder which allowed to expose each of them
alternately to the laser beam. The films were grown accord-
ing to the following deposition sequence: a number of pulses
on the Bi target, and then on the Ge or Al2O3 targets. This
procedure was then repeated a fixed number of times. The Bi
was always deposited first, and the matrix element was the
last one deposited in order to protect the Bi crystals against
atmospheric oxidation. All the films were grown on chemi-
cally cleaned Si~100! substrates, which were held at room
temperature. A He–Ne laser beam ~633 nm! reflected on the
substrate at (4562)° off the normal was used to record in
real time the evolution of the reflectivity of the film as it
grew, which allowed monitoring the sample thickness and
deposition rate, together with determining an approximate
value of the refractive index. The high resolution transmis-
sion electron microscopy ~HRTEM! analysis reported else-
where showed that the Bi:Ge films are formed by Bi nano-
crystals embedded in amorphous Ge (a-Ge)14 and that the
Al2O3 host is also amorphous.6
The ellipsometric parameters, tan C and cos d were
measured by means of a SOPRA spectroscopic rotating po-
larizer ellipsometer in the 300–800 nm wavelength range
and using steps of 10 nm. The standard deviation of ten
measured tan C and cos d values at the same wavelength for
each sample are lower than 531024 and 1023, respectively.
The angle of incidence was (70.0060.05)°. The Bruggeman
and Maxwell–Garnet effective medium models for three-
dimensional isotropic systems, considering spherical par-
ticles, combined with a standard regression method were
used to simulate the measured ellipsometric parameters of
the composite films. The optical properties of heterogeneous
or composite systems, such as the films analyzed in the
present work, have been successfully modeled in the past
with the help of effective-medium theories.10 In these sys-
tems distortions in the microscopic electric field and polar-
ization, due to the mixture of the different materials, give
rise to local-field effects and dielectric functions that differ
from the simple averages of those of the constituents. BothDownloaded 24 Feb 2010 to 161.111.180.191. Redistribution subject tthe Bruggeman and Maxwell–Garnet effective medium
models have the same generic expression for an effective
medium with two components, a and b, with dielectric func-
tions «a and «b , and with volume fractions pa and pb ,
respectively:10
«eff2«˜
«eff12«˜
5pa
«a2«˜
«a12«˜
1pb
«b2«˜
«b12«˜
, ~1!
where «eff is the dielectric functions for the effective me-
dium. The quantity «˜ is a dielectric function that is assigned
different values according to the model. For Maxwell–
Garnett model, one of the components is chosen as the host
medium, for example, the component a, and then «˜5«a and
the corresponding term on the right-hand side of Eq. ~1! thus
vanishes. For the Bruggeman model, the effective medium
itself acts as host medium ~self-consistent approach! and
then «˜5«eff , in which case the left-hand side of Eq. ~1!
vanishes. The resulting calculated spectra for the material
systems of our interest show that although both models give
similar results for films with a low metal content, the
Maxwell–Garnet approximation leads to results which sepa-
rate from the experimental results for high metal contents.
Therefore, results obtained by using the self-consistent
Bruggeman approach will only be presented. From Eq. ~1! it
follows that when the dielectric constants of the two compo-
nents of the composite are known, and the effective dielectric
constant of the medium is measured, then the volume frac-
tions of the components can be determined. Therefore from
the SE measurements the Bi content in the films can be ob-
tained. For comparison purposes, the Bi content in the films
was also measured by a standard analytical technique, Ruth-
erford backscattering spectrometry ~RBS!. The RBS experi-
ments were performed by means of a 2.0 MeV 4He1 beam
and at a scattering angle of 185° for the Bi:Ge films, and by
using a 1.0 MeV 4He1 beam and at a scattering angle of
165° for the Bi:Al2O3 film.
A list of the specimens studied in the present work is
shown in Table I, including the most relevant growth param-
eters and results from the different analytical techniques
used. The reported nanocrystals size has been obtained from
HRTEM images.14 The other results are described and dis-
cussed in detail in the following section.
III. RESULTS AND DISCUSSION
A. Bi:Ge films
The Bi:Ge films were grown alternating either 12, 25,
50, 100, or 200 pulses on the Bi target, while keeping a
constant number of pulses on the Ge target ~100 pulses!, and
the procedure was repeated five times. The optical constants
have been calculated from the ellipsometric parameters as-
suming an absorbing film on a crystalline silicon substrate
and using the thickness determined by RBS for the thinner
films ~20–40 nm!. Figure 1 shows the real (n) and imaginary
(k) parts of the refractive index as a function of the wave-
length for the films grown with 25 and 200 pulses on Bi per
layer. The n and k values for the films with 12, 50, and 100
pulses of Bi per layer have not been included in the figure foro AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Downloaded 24 FeTABLE I. Relevant growth parameters and results from Rutherford backscattering spectrometry ~RBS!, spec-
troscopic ellipsometry ~SE!, and high resolution transmission electron microscopy ~HRTEM! measurements, for
the pulsed laser deposited films.
Sample
Growth RBSa,b SE HRTEMc
Number of pulses
per layer on Bi
target
Bi
(31015 at/cm2)
Film thickness
~nm!
Film thickness
~nm!
Bi NCs average
diameter
~nm!
Bi12 :Ge 12 6.960.5 2062 2162 2.360.8
Bi25 :Ge 25 1261 2062 2262 2.560.8
Bi50 :Ge 50 2462 2362 2661 762
Bi100 :Ge 100 5264 3362 d 1862
Bi200 :Ge 200 8666 4463 d 2365
Al2O3 0 fl fl 23662 fl
Bi:Al2O3 20 9.56 0.7 fl 22662 ,1.5
aThicknesses are calculated for the Bi:Ge films assuming the Bi and Ge bulk densities.
bThickness for the Al2O3 and Bi:Al2O3 films are not determined, as density of amorphous Al2O3 could be
significantly different than that of the crystalline phases.
cAverage mean diameter of the Bi nanocrystals from HRTEM images in Ref. 14 for the Bi:Ge films. The quoted
errors correspond to the standard deviation of the size distribution. For the Bi:Al2O3 film, an upper limit for the
nanocrystal size is provided according to the resolution limit of the HRTEM for these films ~see Ref. 24!.
dThere is large uncertainty in the thickness determination for these films due to the small penetration length
(,30 nm) of the light in the wavelength measuring range for these samples with high Bi content. Their
effective behavior is close to that of a semi-infinite medium, as discussed in Ref. 16.clarity. For comparison the n and k values for pure PLD
a-Ge15 and Bi16 films are included. From the figure it can be
observed that while the film grown with 25 pulses on Bi per
layer shows n and k values close to those of pure a-Ge, the
film grown with 200 pulses on Bi per layer has n and k
values more similar to those of pure Bi. These results show
essentially that the n and k values evolve in a continuous
fashion from those of pure a-Ge to those of pure Bi as the
FIG. 1. ~a! Real, n and ~b! imaginary, k , parts of the refractive index as a
function of wavelength, for Bi:Ge films grown with 25 and 200 pulses on
the Bi target by layer, and for films of the pure elements (a-Ge and Bi! ~see
Refs. 15 and 16! grown by PLD under the same conditions, for reference.b 2010 to 161.111.180.191. Redistribution subject tnumber of pulses on Bi per layer increases, and therefore the
Bi content in the film or the crystal size14 increases.
Figure 2~a! shows the areal density of Bi atoms as a
function of the number of pulses on the Bi target for the
Bi:Ge films as determined from the RBS measurements. The
FIG. 2. ~a! Areal density of Bi atoms in Bi:Ge films obtained from RBS
measurements as a function of the number of pulses used on the Bi target
per layer. The dashed line is a linear fit. ~b! Bi at. % of Bi:Ge films as a
function of the number of pulses used on the Bi target per layer obtained
both from the RBS measurements ~s! and from the SE analysis ~n!. The
dashed line is the conversion of the linear fit in ~a! to at. %. The symbol size
is larger than the error bar corresponding to the data.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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number of pulses, thus indicating a good control of the ex-
perimental conditions, which allows to vary very accurately
the amount of metal atoms. From these data it can be calcu-
lated that around 931013 Bi at/cm2 are only deposited on the
substrate with a single pulse. The areal density of the depos-
ited Ge is 6.760.531016 at/cm2 which is the same for all the
films within the experimental error. Taking into account both
Bi and Ge areal densities, the Bi at. % of the films has been
calculated, and it is shown in Fig. 2~b!. From the areal den-
sity data obtained from the RBS measurements, the total
thickness of the film was estimated by assuming that the
density of the deposited materials are those of bulk Bi (2.8
31022 at/cm3) and Ge (4.431022 at/cm3). The film thick-
ness increases with the amount of Bi, from 20 nm for the
thinnest film ~12 pulses on Bi! to 44 nm for the thickest film
~200 pulses on Bi!.
The Bruggeman effective medium model has been used
to simulate the measured ellipsometric parameters of the
films, by assuming a three-dimensional isotropic system
formed by a-Ge and Bi with the optical parameters (n and
k) reported earlier for PLD films of the pure elements.15,16
The effective medium model through the use of a standard
regression method gives the volume fraction of Bi in a-Ge,
and the film thickness which leads to the best fit. Good fits to
the experimental data were obtained following this proce-
dure, with an unbiased estimator always lower than 0.02.15
The composition of the films in at. % has been calculated
from the Bi volume fraction assuming again the density of
the bulk materials given above, and the results are also plot-
ted in Fig. 2~b!. It is clearly seen that the compositions de-
termined by SE and RBS measurements are in excellent
agreement.
To illustrate further the continuous evolution of the op-
tical properties of the composite from those of the matrix to
those of the metal, the real (n) and imaginary (k) parts of
the refractive index n for the Bi:Ge films are plotted in Fig.
3 as a function of the Bi at. % for one of the most widely
used laser wavelength ~632.8 nm!. The data have been inter-
FIG. 3. ~s! Real, n , and ~d! imaginary, k , parts of the refractive index of
Bi:Ge films at 632.8 nm as a function of the Bi at. %. The values for pure
a-Ge and Bi films produced by PLD reported elsewhere are included ~see
Refs. 15 and 16!. The dashed lines are linear fits, and the numbers on the
plot indicate the average diameter of the Bi nanocrystals for two of the films
~see Ref. 14!. The symbol size is larger than the error bar corresponding to
the data.Downloaded 24 Feb 2010 to 161.111.180.191. Redistribution subject tpolated between the data acquired at 630 and 640 nm. The
results show that both components of the refractive index
follow a linear dependence with the metal content in a first
approximation. The HRTEM images reported elsewhere14
show that the films are formed by well separated Bi nano-
crystals embedded in the a-Ge matrix. The average diameter
of the nanocrystals for the different samples is summarized
in Table I, and it is also included for two representative films
in the figure. It is clearly seen that the linear dependence of
the optical constants of the composite film on the metal con-
tent even applies for crystal sizes above 18 nm. Furthermore,
for the films with the higher metal content in which the metal
layer is quite close to a continuous layer, the results plotted
both in Figs. 2 and 3 show that the Bruggeman model still
applies and provides a consistent simulation of the SE pa-
rameters.
B. Bi:Al2O3 film
The Bi:Al2O3 film was grown alternating 20 pulses on
the Bi target and 1900 pulses on the Al2O3 target, and re-
peating the procedure ten times. As a reference an Al2O3 film
was produced in the same conditions but with no Bi nano-
crystals. Therefore the Al2O3 film was grown with a total of
19 000 pulses on the Al2O3 target.
In order to analyze the optical constants of the nanocom-
posite Bi:Al2O3 following the same scheme as that used for
the Bi:Ge films it is necessary as a first step to determine the
optical constants of the Al2O3 film grown by PLD. To our
knowledge, there are no earlier reports of the optical con-
stants of amorphous Al2O3 films grown by PLD over the
wavelength range of our interest. Therefore the SE param-
eters for the Al2O3 with no Bi nanocrystals were measured
and are shown in Figs. 4~a! and 4~b!. Since thickness and
refractive index are cross-related values in ellipsometry, a
Cauchy function was first assumed for the real part of the
refractive index of the film in order to obtain a consistent
approach for the film thickness. In this way it is assured that
n is well behaved ~i.e., it is smooth and follows a negative
dispersion law!. Thus the expression
nc~l!5A1
B
l2
1
C
l4
~2!
for the real part of the refractive index was used to fit the SE
data, assuming a nonabsorbing film (k50) and with l being
the wavelength. Figures 4~a! and 4~b! also include the best fit
of the experimental data which was achieved with a thick-
ness of 23662 nm and parameters A51.638, B
50.0058 mm22, and C50.0002 mm24. The corresponding
results for the nc values are shown in Fig. 4~c!. Correlation
coefficients among the fitting parameters are quite low, ex-
cept for the case of the correlation coefficient for thickness
and parameter A which is 0.88. Statistical errors for nc are
lower than 0.01. Using the thickness obtained from this fit-
ting, the n and k values were calculated from direct numeri-
cal inversion, and the results are also shown in Fig. 4~c!. The
obtained n values show a fairly smooth dependence as a
function of l, which follows a negative dispersion law as it
does for sapphire ~bulk crystalline Al2O3).17 Nevertheless,o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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at the wavelengths at which d approaches 0° or 180°
(cos d561). They are artificial structures originated due to
interference effects in thin films which have no physical
meaning and thus are artifacts. The obtained k values from
direct inversion are negligible in the whole studied wave-
length range showing consistency with the assumption used.
Figure 5~a! shows the in situ measured evolution of the
reflectivity at 632.8 nm of the Bi:Al2O3 film during growth
and as a function of time. The initial reflectivity corresponds
to the Si substrate reflectivity measured at (4562)°. This
value has been used to normalize the experimental values
and to refer the data to an absolute reflectivity scale. The
reflectivity shows a maximum value at the beginning ~Si
substrate reflectivity!, goes through a minimum at about
2000 s deposition time and finally reaches a maximum at
about 4000 s deposition time. The reflectivity of a homoge-
neous dielectric film on Si as a function of the thickness can
be easily calculated,18 using the values reported elsewhere
for the crystalline silicon substrate.19 The n and k values for
FIG. 4. ~a! Tan C and ~b! cos d measured values for the Al2O3 film with no
Bi nanocrystals ~dotted line! and their best fit assuming a nonabsorbing film
with the real part of the refractive index represented by a Cauchy function
~solid line!. ~c! Real part of the refractive index for the Al2O3 film with no
Bi nanocrystals from the fits in ~a! and ~b! ~dashed line!, and from direct
inversion of the experimental SE data ~dotted line!.Downloaded 24 Feb 2010 to 161.111.180.191. Redistribution subject tsapphire ~crystalline Al2O3)17 were initially used for the cal-
culation, and then modified until the best fit for the experi-
mental results in Fig. 5~a! was obtained. The result of this
calculation is shown in Fig. 5~b!, which was obtained with
n51.62060.005, k50.01060.005, and a thickness of 210
610 nm.
The essential feature which differences the experimental
@Fig. 5~a!# and simulated @Fig. 5~b!# curves are the small
transient fluctuations ~negative peaks for time ,2000 s, or
positive peaks for time . 2000 s! which appear over the
smooth U-shaped curve always a few seconds after the Bi
deposition has been initiated ~arrows in the figure!, and dis-
appear as soon as enough Al2O3 is subsequently deposited.
We have simulated the reflectivity of a Bi layer ~high reflec-
tivity! growing on the low-absorbing Al2O3 layer and the
result shows a transient enhancement of the reflectivity for
time ,2000 s and a transient decrease of the reflectivity for
time .2000 s as opposed to what is observed experimentally
in Fig. 5~a!. Therefore, the experimentally observed peaks
are most likely related to the appearance of surface rough-
ness as the Bi nanocrystals develop at the surface of the
Al2O3 layer and are subsequently buried.20 This is indeed an
in situ indication that metallic Bi nanocrystals are formed on
the Al2O3 .
Figures 6~a! and 6~b! shows the tan C and cos d values
measured for the Bi:Al2O3 film. Since the optical parameters
of the two components of the film, Bi16 and Al2O3 @from Fig.
4~c!# are known, the effective medium model is applied to
determine the thickness of the composite film, the best fit
being obtained for 22662 nm which is in good agreement
FIG. 5. ~a! Evolution of the reflectivity at 632.8 nm of the Bi:Al2O3 film
during deposition as a function of time. The arrows in the plot ~#! mark the
point at which Bi deposition starts. ~b! Simulation of the reflectance at 45°
for an Al2O3 film growing on a Si substrate as a function of thickness.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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tivity measurements ~Fig. 5!, and compares very well with
the value determined for the Al2O3 with no Bi nanocrystals
grown in the same conditions. This thickness value is finally
used to determine the refractive index (n5n1ik) of the
Bi:Al2O3 film by numerical inversion, and its components
are shown in Figs. 6~c! and 6~d!. The comparison of Fig. 4~c!
and Fig. 6~c! evidences that the real part of the refractive
index shows the same general trend for the Al2O3 and
Bi:Al2O3 films, and it is slightly higher for the latter film.
Besides, the comparison of the components of the refractive
index in Fig. 6 in the wavelength range from 630–640 nm to
the values obtained from the simulation of the in situ reflec-
tivity measurements at 632.8 nm ~Fig. 5! evidences that the
latter method gives an independent and good approximation
to the optical constants of the film. Although the real part of
the refractive index values for the Al2O3 film with and with-
out Bi nanocrystals are very similar, the imaginary part of
FIG. 6. ~a! Tan C and ~b! cos d measured values for the Bi:Al2O3 film
~dotted line! and their best fit. ~c! Real, n , and ~d! imaginary, k , parts of the
refractive index of the Bi:Al2O3 film as a function of wavelength. The k
evolution for a Bi:Al2O3 film with a 0.14 at. % of Bi calculated using the
Bruggeman effective medium model is also included in ~d! ~dashed line!.Downloaded 24 Feb 2010 to 161.111.180.191. Redistribution subject tthe refractive index is, in contrast, quite different for the two
films. For the Al2O3 film with no Bi nanocrystals, the linear
absorption is negligible (k,0.001) in the whole studied
wavelength range. However, for the film containing Bi
nanocrystals the k value increases from 0.003 at 800 nm to
0.025 at 300 nm @Fig. 6~d!#. Furthermore, some structure is
observed in the k spectrum including two broad peaks, one at
around 360 nm and the other at 500 nm. The increase of the
absorption has to be related to the inclusion of the Bi in the
film. Regarding the structure of the k and n spectra it must
be noted that some of its features can be originated by the
limitations of the measurement system when d approaches
0° or 180° (cos d561), similarly to what has been dis-
cussed for the Al2O3 film. This is the case of the discontinui-
ties in both the n and k spectra at 325, 425, and 625 nm.
Nevertheless, the two broad peaks observed in the k spec-
trum are far enough from these wavelengths and cannot be
explained as a consequence of wrong ellipsometric analysis.
It should be noted that there has to be a physical effect giv-
ing rise to the appearance of these broad features as a con-
sequence of the inclusion of metal nanosized particles in the
dielectric film.
Although effective medium theories such as Bruggeman
or Maxwell–Garnett models provide the best approach to
analyze the optical properties of metal-dielectric
composites,7,8 a qualitative understanding can be obtained as
a first step within the frame of the more simple Mie theory
for the diffraction of a conducting sphere in the electric di-
pole approximation.21,22 In this approach it is imposed the
vanishing of the forward scattering amplitude and all the
terms of higher order than the dipolar one are neglected.1 For
the case of a dielectric containing metal nanoparticles with
characteristic sizes less than the wavelength, the extinction
coefficient k can be described as
k5
9pnd
3
2
«2
~«112nd
2!21«2
2 , ~3!
where p is the metal volume fraction, «5«11i«2 is the
dielectric constant of the metal, and nd is the index of refrac-
tion of the dielectric host media. According to this expres-
sion the absorption is expected to exhibit an enhancement
where the condition «112nd
250 is met, the surface plasmon
resonance frequency ~SPR!. Using the data in Fig. 1 for the
metal and in Fig. 4~c! for the host, it can be seen that this
condition is satisfied for a wavelength between 370 and 380
nm, quite close to the wavelength at which k determined
from the SE measurements @Fig. 6~d!# reaches a maximum. It
should be noted that the SPR is a characteristic for metal
nanocrystals embedded in a dielectric ~nonabsorbing! host,
and it is not found for the case of a semiconducting ~absorb-
ing! host as a-Ge, since the absorbing nature of the host
prevents the occurrence of confinement effects. In the case of
the dielectric host, the confinement effects become apparent
due to the fact that the size of the nanocrystals is much
smaller than the measuring wavelength and their dielectric
constant is very different than that of the surrounding non
absorbing dielectric. Thus, the electric field that acts on and
polarizes the charges of these nanocrystals can be vastly dif-
ferent from the macroscopic Maxwell field.1 The slight dif-o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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the host in the Bi:Ge system within the studied wavelength
range attenuate the existence of possible confinement effects.
A deeper approach to the problem can be performed
through the simulation of the SE measured parameters using
the Bruggemans effective medium model. The best fit is ob-
tained assuming a mixture of Al2O3 with 0.45% Bi in vol-
ume. Figure 6~d! includes the calculated k value for such a
mixture which also shows a maximum at around 360 nm,
consistent with both the calculated SPR of Bi in Al2O3 from
Eq. ~3! and the experimental data, and supports further that
this peak is related to the presence of Bi nanocrystals in the
film. The experimental results in Fig. 6~d! also show a sec-
ond absorption peak around 500 nm which is not reproduced
by the simulation. Although its origin is still unclear, it might
be related to interference, roughness or inhomogeneities at
the film-silicon substrate interface or at the film surface.
Regarding the determination of the Bi concentration in
the Bi:Al2O3 film, the simulation of the SE parameters mea-
sured for the Bi:Al2O3 film with the Bruggeman effective
medium model leads to the best fit for a 0.45% of Bi in
volume. On the other hand, the RBS measurements per-
formed in the Bi:Al2O3 film give an areal density of (1.9
60.2)31018 at/cm2 for the Al2O3 and (9.560.5)
31015 at/cm2 for the Bi, which leads to a concentration of
0.5 at. % Bi. Both results on the Bi concentration can only be
compared if the density of the amorphous Al2O3 is first de-
termined. This can be easily done taking into account the
film thickness of the Al2O3 film with no Bi nanocrystals
obtained by SE (23662 nm) and the corresponding areal
density measured by RBS for this film (2.060.2)
31018 at/cm2. The results leads to a density of (8.760.8)
31022 at/cm3 which is lower than that of sapphire ~crystal-
line Al2O3).17 The lower density is consistent with the result
that the measured real part of the refractive index @n value in
Fig. 4~c!# is also lower than that of sapphire. The Lorentz–
Lorenz equation links the refractive index of the dielectric nd
directly to the density r:23
~nd
221 !
~nd
212 !
5
4pRr
3M , ~4!
where R is the molar polarizability and M the molar weight.
According to this formulation, a decrease in the density of
the media leads to a decrease in the refractive index. Since in
our case the lower refractive index cannot be fully explained
by the lower density of the films, changes in the molar po-
larizability of the amorphous films in respect to sapphire
have also to be taken into account.
Finally, assuming the calculated density for the amor-
phous Al2O3 film and that of bulk Bi, the volume fraction of
Bi calculated from the SE measurements, 0.45%, becomes a
Bi atomic fraction of 0.14 at. %. Even though the absolute
difference between the Bi at. % obtained from SE and RBS
measurements may seem small, 0.14 and 0.5 at. %, respec-
tively, unacceptable large k values are obtained for a mixture
with 0.5 at. % Bi. It is then clear that SE underestimates the
Bi content in the Bi:Al2O3 films as opposed to the excellent
agreement obtained in the case of Bi:Ge films. One possible
explanation is that in the Bi:Al2O3 case, the deposited Bi isDownloaded 24 Feb 2010 to 161.111.180.191. Redistribution subject tsurrounded by a shell of oxygen atoms coming from the
dielectric matrix that may alter the homogeneous optical
properties assumed for Bi and Al2O3 and this effect should
be larger the smaller the Bi crystals. Further indication that
this mechanism might be very important for our films relies
in the fact that the nanocrystals could not be observed for
this film by HRTEM, which is consistent with nanocrystals
with size smaller than 1.5 nm.24 Interface processes resulting
from the interaction of the nanoparticles with the surround-
ing media, such as that mentioned above, have been reported
to influence drastically the optical spectra,25,26 and would be
most important for these small crystals in which the surface
to volume ratio is large.
IV. CONCLUSIONS
The results presented here evidence that SE together
with the effective medium model is a very suitable means to
determine simultaneously the effective refractive index,
thickness, and metal content of thin nanocomposite films.
The method works very well in the case of non-miscible
systems ~Bi:Ge films! and it leads to an underestimation of
the metal content in the case of the oxide host (Bi:Al2O3
films! with very small nanocrystals (,1.5 nm) probably due
to some interaction between the metal and the host. In the
case of an absorbing host ~Bi:Ge films!, both the real and
imaginary parts of the refractive index follow a linear behav-
ior from that of the host to that of the metal as the amount of
metal increases. In the case of the nonabsorbing host, Al2O3
films, the SE allows to determine the film thickness, and
taking into account the RBS data for the number of atoms
per area unit, the density of the PLD amorphous Al2O3 film
has been determined, resulting lower than that of sapphire.
The real part of the refractive index of the Bi:Al2O3 films is
slightly higher than that of the host and the imaginary part
shows a characteristic absorption peak at a wavelength ~360
nm! very close to that predicted for the surface plasmon reso-
nance.
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